Acetyl-coenzyme A (CoA) synthetase was purified 364-fold from leaves of spinach (Spinacia oleracea L.) using ammonium sulfate fractionation followed by ion exchange, dye-ligand, and gel permeation chromatography. The final specific activity was 2.77 units per (24) showed with isolated spinach chloroplasts that radiolabeled acetate at physiological concentrations preferentially labeled fatty acids whereas radiolabeled pyruvate showed preference for products of prenyl metabolism. Heintz et al. (9) reported that in developing plastids of barley leaves pyruvate was a precursor (via chloroplast PDC) for isoprenoids and fatty acids, but that as the tissue matured the chloroplast PDC declined as a precursor of C2 units. Heintz et al. (9) further showed that when acetate was provided to both developing and mature barley chloroplasts it was the primary source of C2 units for fatty acid biosynthesis.
chloroplast isozyme ofthe PDC3 (3, 26) . The chloroplast PDC could potentially provide a more direct route for acetyl-CoA synthesis from photosynthetic products (18) . Studies examining the incorporation of different radiolabeled substrates showed exogenous acetate to be the preferred substrate for fatty acid biosynthesis in isolated spinach (Spinacia oleracea L.) chloroplasts (21, 22) , but pyruvate was preferred by Sinapis alba chloroplasts (14) . A recent report by Springer and Heise (24) showed with isolated spinach chloroplasts that radiolabeled acetate at physiological concentrations preferentially labeled fatty acids whereas radiolabeled pyruvate showed preference for products of prenyl metabolism. Heintz et al. (9) reported that in developing plastids of barley leaves pyruvate was a precursor (via chloroplast PDC) for isoprenoids and fatty acids, but that as the tissue matured the chloroplast PDC declined as a precursor of C2 units. Heintz et al. (9) further showed that when acetate was provided to both developing and mature barley chloroplasts it was the primary source of C2 units for fatty acid biosynthesis.
Significant levels of acetate have been measured in leaf tissue from several plant species (12, 27) and in a spinach leaves; 15 to 20% of the total cellular acetate coincided with the chloroplast fraction (27) . Taken together, this evidence indicates that acetyl-CoA synthetase is at least partially responsible for chloroplast acetyl-CoA formation in most plant tissues.
Despite the potential importance of acetyl-CoA synthetase in chloroplast acetyl-CoA metabolism, no attempt has been made to purify this enzyme from photosynthetic tissue. Millerd and Bonner (17) reported some properties of the enzyme using ammonium sulfate precipitated enzyme from spinach leaf extracts. This enriched spinach enzyme showed rather broad substrate specificity, with butyrate and succinate being 84 and 52%, respectively, as active as acetate, but showed no activity with propionate as substrate. Millerd and Bonner (17) attributed the substrate nonspecificity to the presence of several activating enzymes. Young and Anderson (32) identified a short chain fatty acyl-CoA synthetase in extracts of germinated seeds of Pinus radiata which had a greater affinity for butyrate than for acetate, but no butyryl-CoA synthetase activity has been reported for leaf tissue. In contrast, acetylCoA synthetase purified from several different sources (4, 7, 10, 29) activated acetate and propionate but not butyrate. Therefore, it was our intent to investigate whether acetyl-CoA synthetase isolated from spinach leaves is indeed an acetyl-CoA synthetase and not a short chain fatty acyl-CoA synthetase capable of using exogenous acetate as substrate; develop a protocol for at least partially purifying spinach leaf acetylCoA synthetase for further kinetic analysis; and characterize the biochemical properties of the purified enzyme. A preliminary report describing some of the data in this paper was presented previously (33) . 
MATERIALS AND METHODS

Chemicals
Evaluation of Metabolic Effectors
The metabolites were dissolved in 50 mm Hepes, pH 8.0, except for the hydrophobic compounds, which were dissolved in chloroform. An aliquot of the hydrophobic compounds was pipetted into the reaction vial, the chloroform evaporated with N2 gas, the hydrophobic compound redissolved in the reaction mixture, and vortexed vigorously. All the metabolic effectors tested were preincubated with the enzyme in the reaction mixture for 2 min before initiating the reaction by addition of ['4C]acetate.
Protein Determination
Protein content was estimated by the method of Bradford (1) using BSA as standard.
Purification of acetyl-CoA synthetase from spinach leaf extracts utilized ammonium sulfate fractionation to concentrate protein and remove Chl from the extract. Typically, 60 to 100% of the total acetyl-CoA synthetase activity was recovered in the 40 to 60% ammonium sulfate fraction with a one-to two-fold enrichment. Following desalting, the ammonium sulfate fraction was applied to a DEAE-Sephacel column, with a typical elution profile presented in Figure 1 . Only a single peak of acetyl-CoA synthetase activity eluted from the column at approximately 0.2 M KCI with a four-to fivefold enrichment.
Red A dye-ligand chromatography was an especially effective purification step for the spinach enzyme (Fig. 2) . Most of the total protein eluted in either the buffer wash or with 500 mM KCI. Acetyl-CoA synthetase was eluted with 1 M KCI and resulted in a 38-fold purification for this single step. The active fractions pooled from Red A column were concentrated and further purified by Sephadex G-100 gel filtration. The results of a typical purification are summarized in Table I . The pooled enzyme obtained from Sephadex G-100 column gave a final specific activity of 2.77 units/mg protein and reflected a 364-fold purification with an overall recovery from crude extract of 1 1%. It was this final preparation which was used for the subsequent characterization and substrate kinetic analyses of spinach acetyl-CoA synthetase.
The spinach acetyl-CoA synthetase purified 364-fold was not homogenous. Electrophoresis of the enzyme purified through Sephadex G-100 on 10% nondenaturing gels revealed four major and three minor protein bands (data not shown). A single peak of acetyl-CoA synthetase was eluted from a 0.5 cm gel slice which corresponded to two unresolved protein bands.
Stability
Acetyl-CoA synthetase was found to be unstable in the absence of glycerol. Preliminary studies showed the enzyme purified through ammonium sulfate fractionation and FPLC The Mr value of acetyl-CoA synthetase estimated by using a calibrated Sephadex G-100 column was 69,000, while 77,000 was estimated using a calibrated FPLC Superose 12 column (data not shown).
The activity of partially purified acetyl-CoA synthetase was measured over the pH range 6.4 to 9.2. Acetyl-CoA synthetase activity showed a broad pH optimum of 7.5 to 8.5 with 50% of maximum activity observed at pH 6.6.
Acetyl-CoA synthetase activity increased with assay temperature between 0 and 40°C (Fig. 3A) The purified spinach enzyme showed hyperbolic saturation curves for Mg-ATP and acetate (Fig. 4 A, Substrate inhibition was most pronounced between pH 7.5 and 9.0, the same region of the pH profile found optimum for the purified enzyme (Fig. 6) . As the pH became more acidic, the CoA inhibition was reduced. At pH 6.5, the percentage of inhibition was 26% compared to 43% at pH 8.0. Maximum inhibition at the same pH found optimal for acetyl-CoA synthetase activity suggested that CoA-enzyme and enzyme-inhibitor complexes had similar ionic interactions.
Regulation by Metabolic Effectors
The acetyl-CoA produced by acetyl-CoA synthetase is a substrate for fatty acid biosynthesis. Therefore, several fatty acid compounds were tested as possible feedback inhibitors.
Palmitate (50 gM), oleate (50 ,uM), or their CoA thioester derivatives (100 uM) were without effect on acetyl-CoA synthetase activity. Palmitoyl-ACP, ACP, and malonyl-CoA (50-100 ,uM), likewise, had no effect on activity. DISCUSSION This report presents the most extensive purification and characterization of an acetyl-CoA synthetase from plant tissue and the only purification report describing the enzyme from leaf tissue. Huang and Stumpf (10) resolved five forms of the potato tuber acetyl-CoA synthetase on DEAE-cellulose which were not interconvertible under different but undefined experimental conditions. The different forms of the enzyme from potato tubers had similar properties (i.e. molecular size, pH optimum, substrate specificity, response to inhibition by AMP) but differed in their apparent charge. Using a similar anion exchange matrix, DEAE-Sephacel, only a single activity peak was observed for the spinach leaf enzyme, suggesting that under our experimental conditions the spinach enzyme existed as a single charged species.
Several of the dye-ligand columns (i.e. Green A, Blue A, Red A) from Amicon Corp. were successful in binding spinach acetyl-CoA synthetase, with the enzyme having a particularly strong affinity for the Red A dye-ligand column. The tight binding of acetyl-CoA synthetase to the Red A dye-ligand column was advantageous in that, in addition to its effectiveness as a purification step, it allowed acetyl-CoA synthetase active fractions from the DEAE-Sephacel column to be directly applied to this column without a prior desalting step.
The estimation of the Mr by two different calibrated gel filtration systems gave an average Mr value of 73,000 for the spinach acetyl-CoA synthetase. The Mr value of the potato tuber acetyl-CoA synthetase has been reported to be 59,500 (10) . Acetyl-CoA synthetase purified from ox heart mitochondria has a reported Mr value of 57,000 (16) reported M, value of acetyl-CoA synthetase from yeast was 151,000 (7). An early report by Millerd (4, 10, 15) and is consistent with acetyl-CoA synthetase forming an acyladenylate intermediate (28) as part of its reaction mechanism.
The spinach enzyme required reduced thiols for activity. Huang and Stumpf (10) and Webster (31) have similarly reported that thiols stabilize the activity of the potato tuber and bovine heart mitochondria enzyme. Londesborough et at. (16) identified four thiol residues on ox heart mitochondria acetyl-CoA synthetase which react readily with p-hydroxymercuricbenzoate, causing an immediate inhibition of acetylCoA synthetase activity reversible only by CoA and 2-mercaptoethanol. They concluded from these studies that the reduced thiol residues were required to preserve the enzyme in the proper conformation for catalysis.
Both dithiol and monothiol compounds fulfilled the requirement for a thiol to activate acetyl-CoA synthetase. This suggested that the light modulation of spinach acetyl-CoA synthetase observed by Sauer and Heise (23) did not involve a ferredoxin-thioredoxin type control mechanism. Both phosphoribulokinase and alkaline fructose-1 ,6-bisphosphate phosphatase, enzymes regulated by the ferridoxin/thioredoxin system, showed preferential activation by dithiol compounds (2, 13) . Additional activation of acetyl-CoA synthetase by dithiols might be overlooked because of the nonenzymatic side reaction between acetyl-CoA and DTT to form acetyl-DTT (25) . Because the filter paper assay for acetyl-CoA synthetase (11) is based on the interaction of the adenine nucleotide moiety of CoA with the filter paper (but the radiolabel is present on (4) found that the bovine heart mitochondria enzyme was inhibited by high concentrations of ATP (i.e. >4 mM), this inhibition can be attributed to the limited Mg2+ in their reaction mixture (30) . CoA inhibition of the spinach acetyl-CoA synthetase is probably not physiologically significant but rather a consequence ofthe large excess of CoA (about 100-fold Kin) we, initially, and others (22, 23) have typically had present in the reaction mixture. On the other hand, it is important to be aware of such an inhibition, as high concentrations of CoA in the reaction mixture can lead to erroneous conclusions about the properties of the enzyme, as we will show with respect to the enzyme's free Mg2' requirement in a subsequent paper.
In a leaf cell, the chloroplast is the exclusive site of fatty acid synthesis (20) . Since previous studies indicate that acetate can be a primary precursor of chloroplast fatty acids, several intermediates and end products of fatty acid synthesis were tested for their effect on acetyl-CoA synthetase activity. However, none of the compounds tested affected the spinach enzyme in vitro. Although inhibition by oleate was reported for the rat hepatic acetyl-CoA synthetase (19), a similar inhibition by oleate was not observed with the spinach enzyme at concentrations ranging between 0.050 and 1.0 mm. On the other hand, the chloroplast PDC which is a potential alternative source of chloroplast acetyl-CoA was inhibited 58% by 50 ,M oleate, suggesting that PDC may be sensitive to negative feedback control by oleate (3). Although both the study on pea chloroplast PDC and the study presented here on spinach leaf acetyl-CoA synthetase are limited to properties of the enzyme in vitro, the differences in sensitivity of these two enzymes to oleate suggests that these two mechanisms for synthesizing acetyl-CoA may be subjected to different cellular control mechanisms. The relative contribution of these two enzymes to the chloroplast acetyl-CoA pool may depend on the metabolic state of the chloroplast.
In summary, acetyl-CoA synthetase isolated and partially purified from spinach leaves has properties similar to those previously described for acetyl-CoA synthetase from other organisms and, in particular, the purified enzyme was quite specific for acetate. The properties of the spinach leaf enzyme are compatible with its proposed role in providing acetyl-CoA for anabolic processes in the chloroplast.
